Introduction
High Mn steels have been considered as prominent candidates for automobile structural components due to their excellent mechanical properties [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . The mechanical performance of high Mn steels depends on the plastic deformation mechanisms such as transformationinduced plasticity (TRIP), twinning-induced plasticity (TWIP), and dislocation glide [12] [13] [14] . It is well recognized that the stacking fault energy (SFE) is a key physical quantity, which governs the active deformation mechanism [12, [15] [16] [17] [18] . Therefore, it is of crucial importance to understand the dependence of the SFE on the chemical composition with an appropriate description method [19] [20] [21] [22] [23] [24] .
It is experimentally observed that Al increases [25] [26] [27] [28] [29] [30] [31] [32] the SFE of austenitic Fe-Mn alloys whereas Si decreases it [28, 33] . Thanks to the developments of computational methodology during the last decade, today the SFE of steel alloys and other complex multi-component systems can routinely be accessed by using ab initio methods [34] [35] [36] [37] [38] [39] . In addition to the systematic data production, such an atomistic modeling allows us to look deep inside the problem and identify the key mechanism responsible for the observed material properties. However, despite the large number of theoretical reports on this subject, so far ab initio studies on the effects of Al and Si regarding the SFE of Fe-Mn alloys are very scarce. This may partly be because of the difficulty of properly describing the SFE of Fe-Mn based alloys. To obtain the SFE with high precision is indeed a big challenge due to its complex thermomagneto-chemical behavior [40] . Here, we make use of the most recent advances in theoretical modeling of high-temperature magnetism to approach the questions.
To the best of our knowledge, there is a single density functional theory (DFT) investigation which predicted correctly the increase of the SFE by Al [41] . However, those results imply that the hexagonal closepacked (hcp) phase is more stable than the face-centered cubic (fcc) phase, which is contradictory because the system exists in fcc phase at ambient conditions. Furthermore, the previous work did not consider finite temperature effects on the SFE and thus could not study the alloying effects at room temperature.
It is usually accepted that the magnetic structure of austenitic Fe-Mn alloys is antiferromagnetic at room temperature for Mn content more than 15 wt% [42] . However, the experimental specimens usually contain a certain level of carbon, which affects the Néel temperature (T N ). From the experimental data, the magnetic transition temperature depends on compositions as T N = 250 ln (x Mn ) − 4750x C x Mn + 720 (K), where x C and x Mn are the mole fractions of C and Mn, respectively [43] . According to this empirical expression, T N for Fe-18Mn-0.6C (wt%), which is a typical composition of high manganese steel, is 267 K. Therefore, one should adopt a paramagnetic state for describing the magnetism in Fe-Mn as far as one is to model the experimental specimen at room temperature and above.
One effective way to simulate the paramagnetic state is to employ the disordered local magnetic moment (DLM) picture [44, 45] , where the local magnetic moments are sustained even above the magnetic ordering temperature, but the total magnetization vanishes. Traditionally, this problem has been treated by the floating spin (FS) calculations, where the magnitude of the local moments is computed selfconsistently from the Kohn-Sham equations. Here we go beyond this static scheme and consider the longitudinal spin fluctuations (LSFs). Previous studies show that the LSFs are crucial for describing the SFE of Fe-Mn alloys at finite temperature [40] . We extend the computational scheme and apply it to the Fe-Mn-Al (Si) ternary alloys.
The present paper is organized as follows. First we examine the bulk properties of Fe-Mn alloys as a preliminary study, and examine the effects of Al and Si addition on these properties. Next, we explore alloying effects on the SFE of Fe-Mn alloys using both of the FS and LSFs schemes. The results are compared with the experimental results. From the FS and LSFs data, we establish the key mechanism responsible for the observed alloying effects. Finally, by considering the volume-induced effects of interstitials, we estimate and discuss the impact of small amount of carbon addition on the above alloying trends of the SFE.
Methods
The total energy calculations were performed using DFT [46, 47] as implemented on the Exact Muffin-tin Orbitals (EMTO) method [48] . The local-density approximation (LDA) [47] was used in selfconsistent calculations, and the generalized-gradient approximation (GGA) [49] as parametrized by Perdew-Burke-Ernzerhof (PBE) [50] was adopted for the total energy. We described the paramagnetic state within the DLM model [44, 45] in combination with the coherent potential approximation (CPA) [51, 52] . The chemical disorder was treated also with the CPA. We considered Al and Si up to 10 atomic percent (at.%) added to Fe-20Mn and Fe-30Mn (at.%) alloys, respectively, keeping the ratio of Fe and Mn constant. In this way we can systematically test the interatomic interaction among the alloying elements in the materials.
The SFE was evaluated by constructing a supercell structure. A stacking fault was incorporated in the 6 layered supercell along the [111] direction of the fcc structure. Our previous studies show that 6 layers are enough to guarantee the convergence of the SFE with respect to the number of layers in the supercell [40] . In order to access the SFE at finite temperature, we adopted the Helmholtz free energy. The Helmholtz free energy F consists of the internal energy E and the -TS term, where T is the temperature and S the entropy. Here, the entropy can be divided into electronic, vibrational, and magnetic contributions. According to our tests, the electronic entropy is insignificant at room temperature and thus it is omitted from the beginning. The SFE is defined as
where F sf and F perfect are the free energies of the structure with faults and perfect fcc structure, respectively, and A is the unit area. Then, γ can be decomposed into the internal energy contribution, spectively. The effect of phonons on the SFE, γ vib , was estimated to be small, about 2 mJ/m 2 for fcc Fe, at the temperature region considered here [38] , which can safely be omitted in the following discussions. We obtained the internal energies from standard total energy calculations and the magnetic entropy from the mean-field approximation,
is the concentration of species i at site I, and m I, i is the corresponding local magnetic moment. The possibility of segregation near the stacking fault was not considered and thus the configurational entropy contribution to the SFE vanishes. The LSFs effects on the magnetic moment in the bulk and the free energy were considered as follows. First we obtained the static equilibrium magnetic moment (μ 0 ) through conventional spin-polarized DFT calculations based on the CPA and DLM model, so called FS calculations. In these calculations, we may use the primitive cell of the fcc structure. Next, we derived the energy distribution E i (μ) depending on the magnitude of the magnetic moment μ for each component i using spinconstraint calculations. Except the target component, we fixed the magnetic moments of the others to the static equilibrium values. Then, from the LSFs energy for each alloying component E LSFs,
Note that the fluctuating medium approximation (FMA) [53] was drawn upon here for obtaining the LSFs energy. We finally get the root mean square value of the magnetic moment m i
We used this magnetic moment value to quantify the LSFs effect. The detailed theoretical background for the LSFs can be found in Refs. [53] [54] [55] .
In the case for the fcc Fe-Mn-Al (Si) alloys, we took E i (μ) in the range of 0 to 3.0 μ B with the interval of 0.5 μ B for Fe and Mn, and in the range of 0 to 0.5 μ B with the interval of 0.1 μ B for Al (Si). For the supercell involving the stacking fault, the procedure to obtain the mean magnetic moments is as follows. First we found the moment of each alloying element in the sequence of Al (Si), Mn, and Fe for the 1st nearestneighbor (nn) sites to the stacking fault plane by fixing the moments of the other sites to the bulk values m bulk, i . Then we went on to the next-nearest neighbors with the 1st nearest-neighbor moments m 1 nn, i . When we considered E i (μ) for Al (Si), we adopted the magnetic moments of Mn and Fe in the same layer from the FS calculations. The obtained moment for Al (Si) was successively used as a background to calculate E i (μ) for Mn. In the same way, for Fe, the Al (Si) and Mn moments are used as a background.
In principle, all m i 's should be self-consistently determined through iterative calculations. This procedure is very time-consuming and would not influence the final moments significantly when the magnetic interaction among alloying components is weak, for example, above the magnetic transition temperature. Therefore, we skipped the cumbersome iteration procedure and performed the one-shot calculation from static equilibrium approach [53] .
All the calculations were performed for T = 298 K. Since the results are strongly volume dependent, in order to avoid any inconsistency between theory and experiment, we employed the experimental volumes in our calculations. For the volume of Fe-Mn alloys, we referred to the study by Li et al. [56] , and for the effects of Al and Si on the volume of Fe-Mn alloys, we referred to Jung and De Cooman [65] and Lu et al. [58] , respectively. All the experimental volumes were measured at room temperature, and therefore the finite temperature effects were also considered indirectly. The change of the mean magnetic moment by varying Mn content is also in a similar size. Hence, the difference between the static magnetic moment and the mean magnetic moment of Fe-Mn alloys remains almost a constant independent of alloy composition. Fig. 2 (a) and (b) show the effect of Al addition on the static equilibrium magnetic moment and the mean magnetic moment in Fe-20Mn (at.%) alloy, respectively. As the Al content increases, μ 0 's of Fe and Mn increase as found in Fig. 2(a) . The sizes of the static magnetic moment increment by 10 at.% Al addition are 0.15 μ B and 0.45 μ B for Fe and Mn, respectively. We can also find a similar trend of the mean magnetic moment in Fig. 2(b) . However, in this case the changes are reduced by about a half of those of μ 0 , Δm Fe = 0.09 μ B and Δm Mn = 0.20 μ B with 10 at.% Al addition. We note that the chemical effect of Al reduces the size of Fe magnetic moment in the considered composition range perhaps due to the weakening of the exchange coupling of Fe atom with its neighbors. However, in general Al causes a volume increment in austenitic Fe-Mn alloys. It is interesting that the volumetric effect by Al surmounts the chemical contribution and the main features of the magnetic moment by Al addition in Fe-20Mn (at.%) is reasonably well captured by the lattice expansion effect.
Results
In Fig. 3 , we show the Si alloying effect on the local magnetic moment of Fe-30Mn (at.%) alloys. Fig. 3(a) shows that the Si alloying decreases both the static magnetic moments of Fe and Mn in Fe-30Mn (at.%) alloys. As the Si concentration increases from 0 to 10 at.%, the static moments decrease by 0.14 μ B and 0.06 μ B for Fe and Mn, respectively. This fact can be understood by taking into account the volume contraction induced by Si addition. Meanwhile, the behavior of the mean magnetic moment is qualitatively similar to that of the static moment. It is also seen that, similarly to the case of Al addition, the Si alloying effects on the magnetic moments can be estimated mainly from the lattice variation, except μ 0 of Mn in which the chemical effect acts in the opposite direction and causes the net result to be almost null. Note that the effect of Si on the lattice parameter is weaker than that of Al, about one-third in magnitude. Hence, we observe only tiny changes of the local magnetic moments, especially for the mean moments in Fig. 3(b) .
Here, it is clear that a proper account of magnetic degrees of freedom would be crucial for a further theoretical study of materials properties. With the two established descriptions of magnetic states, we go into the subject of the SFE of Fe-Mn-Al (Si) alloys. In Fig. 4 , we show the SFEs of Fe-20Mn (at.%) alloys with Al addition at 298 K. It is found that the SFE decreases with increasing Al content in the FS calculations. The calculated values are γ tot = 128.4, 119.9, 113.0, and 87.9 mJ/m 2 at 0, 2, 6, and 10 at.% Al, respectively. This tendency is contradictory to the experimental observations in which the SFE increases with Al addition [25] [26] [27] . On the other hand, we find that the LSFs remedy the deficiency of the FS. The SFE at 0, 2, 6, and 10 at.% Al is calculated to be γ tot = 13.0, 27.2, 41.2, and 48.1 mJ/m 2 , respectively. This result agrees well with the experiments [25] [26] [27] [28] [29] [30] . It is noteworthy that the LSFs give not only the correct behavior of the SFE with Al alloying but also the reliable SFE values matching perfectly with the experiments as shown in Fig. 4 . Allain et al. [15] suggested that Fe-Mn-Al alloys are in the TWIP regime when their SFEs are in the range of 12-35 mJ/m 2 , which was confirmed by Jeong et al. [27] with neutron scattering measurements. The LSFs show that Fe-20Mn (at.%) alloys are in the TWIP regime up to 4.5 at.% Al content whereas the FS significantly overestimates the SFE of Fe-Mn-Al alloys out of the TWIP regime.
Next, we show in Fig. 5 the variation of the SFEs of Fe-30Mn (at.%) by Si alloying at 298 K. The FS calculations give that the SFE decreases from 135.8 mJ/m 2 to 73.4 mJ/m 2 as Si content increases from 0 to 10 at.%. This trend is consistent with the experimental observation in which Si decreases the SFE of Fe-Mn alloys [28, 33] . However, the theoretical slope of −6 mJ/m 2 per at.% Si in the FS is too large in magnitude compared to that of −1.3 mJ/m 2 per at.% Si in the experiment. It is interesting that the LSFs calculations are in perfect agreement with experiments up to 6 at.% Si addition in Fig. 5 and produce only a small deviation at higher concentration. In the range of 0 to 6 at.% Si, the slope from the LSFs is −2.1 mJ/m 2 per at.% Si, which is very close to the experimental value of −1.3 mJ/m 2 per at.% Si. Because the Si addition in Fe-Mn alloys decreases the SFE, it would be an effective element to induce the TRIP phenomena which is expected with the SFE less than 18 mJ/m 2 [15] . Hence, it is important to note that Si works qualitatively in a very different way from Al.
Discussion
Previously, an ab initio research examined the influence of Al and Si on the relative stability of the hcp and fcc phase of Fe-Mn alloys [41] . Those results show that Al increases the SFE of Fe-Mn alloys. Our current methodology based on the supercell method also anticipated the Fig. 4 . Effect of Al addition on the SFE (γ tot ) of Fe-20Mn (at.%) alloy at 298 K. We employed two computational schemes for the description of the magnetic degrees of freedom: the FS and the LSFs (see the Methods section). γ tot includes both the chemical and lattice expansion effects of Al. Filled circles [27] , cross marks [26] , and filled triangles [25] represent the experimental values. increase of the SFE by Al. However, we would like to emphasize that those previous results were confined to 0 K. When we extend the calculations to 298 K with the same methodology, the slope becomes negative as shown in Fig. 4 . The previous results also found that the energy difference ΔE = E hcp − E fcc is negative, implying that the hcp phase is more stable than the fcc phase. Here, with the LSFs model, we correctly predict both the magnitude and the trend of the SFE upon alloying at 298 K. Therefore, the achievements should be regarded as the complete theoretical development explaining the behavior of SFE of Fe-Mn based alloys.
We would like to mention that the facts that i) the LSFs are connected to the Fe-Mn matrix rather than the alloying elements (Al and Si) and ii) they have a critical influence on the SFE demonstrates a very important aspect: the matrix is crucial in understanding and classifying the alloying effects on the SFE. In other words, it does matter in which host we insert Al and its effect is determined by the complex interaction between the alloying element and the matrix.
In order to understand the effects of the Al and Si additions on the SFE of Fe-Mn alloys, we examine the details of magnetic and volumetric contributions of each alloying element by comparing the results of the two computational schemes, the FS and the LSFs. Fig. 6 is the change of the magnetic moments with Al addition near the stacking fault of Fe-20Mn (at.%) alloy; for a comparison, we also show the change of the bulk values. The FS results in Fig. 6(a) give that the atomic site near the stacking fault has 0.3-0.6 μ B and 0.8-1.0 μ B lower magnetic moment for Fe and Mn, respectively, than those of the bulk. On the other hand, in the LSFs calculations, the difference between the magnetic moments near the stacking fault and in the bulk is much smaller compared to the FS. It is less than~0.2 μ B for both Fe and Mn independently of the Al content. Considering that the present free energy consists of the internal energy and the -TS term, we can separate the magnetic part γ mag from the SFE as γ tot = γ int + γ mag . The large change of the magnetic moment of the stacking fault from the bulk is expected to induce a large γ mag in magnitude. This observation explains why the SFEs in the FS calculations are highly overestimated than those in the LSFs calculations (see Fig. 4 ). However, as Al is added, the differences of the moments become smaller in the FS calculations; for example, they are Δμ = 0.66, 0.55, 0.41 and 0.31 μ B for Fe at 0, 2, 6 and 10 at.% Al. Therefore, we find that in the FS, γ mag of Fe-20Mn (at.%) alloys decreases with Al addition and induces a negative slope of γ tot in Fig. 4 . On the other hand, because the differences of the moments in the LSFs are small and change little with Al addition γ mag also varies negligibly and does not influence the positive slope of γ tot by the internal energy contribution.
In Fig. 7 , we show the magnetic moment near the stacking fault of Fe-30Mn (at.%) alloy with Si addition. It is found in the FS calculations that the magnetic moment near the stacking fault is reduced by~0.7 μ B and~1.0 μ B for Fe and Mn, respectively, from those in the bulk. The difference of the magnetic moments near the stacking fault and in the bulk remains almost constant. Therefore, γ mag would not vary much by Si addition. In the LSFs calculations, similarly to the case of Al addition, the difference of the moment is small and also remains constant, which is expected to give a small and uniform contribution to the SFE of Fe-30Mn (at.%) alloys regardless of Si content. With the observations, we would like to emphasize that the change of the SFE of Fe-Mn alloys with Al/Si addition mainly originates from the internal energy part.
The SFEs from the LSFs calculations in Figs. 8 and 9 for Al and Si addition to Fe-Mn alloy, respectively, show that the Al/Si alloying effects can approximately be addressed by considering the volumetricchange-only. For example, the SFE obtained with the expanded volume, which corresponds to the lattice dilation with the Al addition, is in good agreement both with the experiment and the full consideration of chemical effects. With the Al (Si) addition, the slope of the SFE with the lattice expansion only, specifically without chemical alloying, is 3.8 mJ/m 2 per at.% Al (−2.3 mJ/m 2 per at.% Si), which is close to the value considering simultaneously both the chemical effect and lattice expansion effect, 3.5 mJ/m 2 per at.% Al (−3.3 mJ/m 2 per at.% Si). In the FS calculations with Al and Si addition as shown in Figs. 8 and 9 , respectively, the volume-induced effects of Al and Si on the internal energy Effect of Si addition on the SFE (γ tot ) of Fe-30Mn (at.%) alloy at 298 K. We employed two computational schemes for the description of the magnetic degrees of freedom: the FS and the LSFs (see the Methods section). γ tot includes both the chemical and lattice contraction effects of Si. Cross marks [33] and filled circles [28] denote the experimental values. part of the SFE, γ int , seem to reproduce the experimental trends of the alloying effects reasonably well. However, the temperature effects are not considered in this scheme so that this should not be regarded as a complete picture. Meanwhile, the results with the LSFs imply that both Al and Si effects on the SFE of Fe-Mn alloy are dominated by their volumetric effects, which provides the atomic-level mechanisms for the increment and decrement of the SFE by the Al and Si alloying, respectively. We recall that similar mechanisms were proposed for the effects of interstitial alloying elements such as carbon and nitrogen on the SFE of iron-based alloys [34, 59] .
According to the theory proposed by Lee et al. [59] , the volumetric effect on the SFE can be obtained based on a simple physical picture. Let γ(V) be the SFE of an fcc lattice at the atomic volume V. Then, we can write the SFE as γ(V) = γ(V 0 ) + α(a − a 0 ) around the equilibrium volume V 0 , where a and a 0 are the lattice constants given by a = (4V) 1/3 and a 0 = (4V 0 ) 1/3 , respectively. In this expression, the linear coefficient α represents the slope of the SFE against the lattice parameter. One can
where B h is the bulk modulus of the hexagonal close-packed (hcp) structure and V 1 is the equilibrium volume of the hcp structure. Since in Fe-based alloys the hcp lattice usually has smaller volume than the fcc one (due to the lower magnetic pressure), we can assume a positive value for α. Therefore, the increment of the SFE in Fe-Mn alloys by lattice expansion or the decrease by the lattice contraction can be understood through the above theoretical framework.
Here, we would like to mention how the LSFs are affected by volume change. It is well known that the lattice expansion generally induces an enhanced magnetic moment by electron localization [60] [61] [62] [63] [64] . In paramagnetic Fe-Mn alloys, this process can be understood with the local density of states in which electrons in the minority-spin states near the Fermi level E F are transferred to the majority-spin states. Accordingly, μ 0 increases with the lattice expansion, and the weight of the spin-density distribution x i (μ) moves toward the higher moments. The change is reflected by the increase of m i , as indicated in Fig. 2(b) .
Finally, we would like to talk about the influence of interstitial carbon on the SFE of Fe-Mn-Al (Si) alloys. The main role of the interstitial atoms in terms of the SFE will come from the lattice-expansion effect as far as the concentration is low [34, 59] . In this sense, disregarding the chemical effect of carbon, we examine the case of 0.6 wt% C addition to Fe-Mn alloys by employing the experimental data for the lattice variation by carbon in Fe-Mn; carbon gives rise to a lattice-expansion coefficient by concentration 0.041 Å/wt% C (or 0.009 Å/at.% C) [19] . Using the corresponding volume, we find that in the LSFs the mean slope of the SFE against the Al content decreases from 3.5 mJ/m 2 per at.% Al without carbon to 1.7 mJ/m 2 per at.% Al with 0.6 wt% C. This can also be checked in Fig. 4 where the increment of the SFE with Al addition goes slower. Meanwhile, in experiments the mean slope of the SFE at 0.15 wt% C content is 5.5 mJ/m 2 per at.% Al [31] , which is higher than that of 4.1 mJ/m 2 per at.% Al reported for 0.6 wt% C [25] [26] [27] . Although the change of the slope of the SFE by carbon is sizable we notice that the sign of the slope remains positive even by carbon addition. In the case of Si addition, the slope of the SFE with the LSFs changes little when we add 0.17 wt% C according to the composition in the experiments [33] . Hence, it is expected that the slope of the SFE by Al and Si will not significantly influenced by the inclusion of carbon.
Conclusions
We have investigated the effects of Al or Si addition on the SFE of Fe-Mn alloys by using an ab initio method. The LSFs model was introduced in order to describe the paramagnetic state at finite temperature. It was shown that Al addition influences the thermal spin fluctuations mainly through the lattice expansion. On the other hand, Si is less effective to the lattice variation in magnitude and thus does not much affect the magnetic fluctuations compared to Al. The FS calculations predict a decrement of the SFE of Fe-Mn alloys with Al addition, which is contrary to the experimental observations. However, the LSFs remedy the deficiency and give the increment of the SFE in agreement with the experiments. Since both Al and Si are non-magnetic additions, the critical role of the magnetic degree of freedom in the paramagnetic state is quite unexpected and our finding demonstrates the role of the host matrix in the alloying effects on SFE. Finally, we also estimated the carbon effects on the SFE of Fe-Mn-Al (Si) alloys by accounting for the volumetric term, and the experimental C levels are predicted to have moderate effect on the SFE slopes versus Al and Si. The present findings underline the importance of the thermal LSFs in the proper description of the SFE of high Mn steels which is indispensable for the efficient design of advanced high-strength steels. 
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